Abstract Snakes introduced to islands can be devastating to naïve native fauna. However, introduced populations must establish before range expansion (invasion) can occur. The factors that can determine successful invasion are those associated with the introduction event (e.g., characteristics of the founding population), the location (e.g., suitable environment and prey availability) and the species (e.g. life history characteristics). Here, we collected morphometric, ecological and genetic data on the recently introduced California Kingsnake (Lampropeltis californiae) in Gran Canaria. We found that snakes occurring at two locations a few 10 s of km apart do not represent the same population. Genetic analyses confirmed significant genetic difference (F ST = 0.184; D est = 0.341), and that despite being inbred (F is = 0.245-0.257) the populations had high levels of diversity (H o = 0.485-0.490; allelic richness = 4.875-6.364). Snakes at the different Gran Canaria locations were significantly different in morphology (colouration, mass, length and age), fitness (egg production) and diet (rodents, skinks, lizards and geckos), supporting a hypothesis of separate founding groups in combination with local environmental heterogeneity leading to variation between these populations. We concluded that one population was more successful than the other in reproduction and recruitment, and may be having a greater Electronic supplementary material The online version of this article
Introduction
Species introduced to locations outside their natural range may not necessarily become invasive. The introduced population must first pass the challenge of becoming established (Blackburn et al. 2011) . Local environmental heterogeneity, historical contingencies, biotic factors and adaptation, or a combination of factors may determine establishment success. Hypotheses explaining introduction outcomes can be classed as those considering factors to do with the introduction event, the location of introduction, or the characteristics of the species (Liu et al. 2014) . Contingency plays a role in many hypotheses: for example, trait variation in the founding populations (not all variation in the original population is present in the introduced population) (Kolbe et al. 2012) , propagule pressure (the number of individuals released in the introduced area) (Colautti et al. 2006 ), admixture (individuals from different parts of the native range that normally do not mix) (Kolbe et al. 2007 ) and secondary releases (increases net propagule pressure, and may result in admixture) (Kowarik 2003) . The location of the introduction is important. For example, biotic factors such as 'enemy release' (a lack of disease or predators in the introduced location) may result in populations in non-native ranges doing better than would be expected for the species (Liu and Stiling 2006) ; while abiotic factors, such as climate, would limit where the species could survive. Environmental heterogeneity could mean that within the same species, the patterns and dynamics of colonization and expansion would vary in different ranges (Bock et al. 2011 ) and across different spatial scales (Zhan et al. 2012) . Finally, a species may respond to novel habitats with adaptive changes (Bohn et al. 2004; Feiner et al. 2012) . Hence, whether introductions are likely to develop into invasions requires case-bycase investigation (Melbourne and Hastings 2009) .
Islands may be particularly vulnerable to invasion because of their typically small species pools due to their more limited area and greater isolation relative to continental locations (Herben 2005) . Also, because of the ecological naiveté of native biota, non-native predators generally have greater impact on native prey abundance than do native predators (Paolucci et al. 2013) . Snakes are a good example: where they have been introduced to islands, they have often had devastating impacts on native fauna (Fritts and Rodda 1998; Guicking et al. 2006; MartinezMorales and Cuaron 1999) . So when the presence of snakes on Gran Canaria (an island with no native snakes) was reported, there was rapid government response in implementing a programme of eradication (Cabrera-Pérez et al. 2012 ) despite lack of information concerning the ecology of these introduced populations. Nevertheless, it is still essential to collect further data to improve management (van Wilgen and Biggs 2011) .
Here we focus on two putative populations of a nonnative snake, the California Kingsnake (Lampropeltis californiae), recently introduced (\20 years) to the island of Gran Canaria. Kingsnakes consist of a number of closely related species, and are native to North America (Pyron and Burbrink 2009) . Whilst other snake species are notorious as destructive invaders-for example, boa constrictors in Conzumel Island and brown tree snakes in Guamaside from this current case in Gran Canaria, kingsnakes have yet to be reported as invasive outside of their native North American range (David Steen, pers. comm.) where some populations are in decline (Steen et al. 2014; Winne et al. 2007 ). The California Kingsnake has been present on Gran Canaria for at least 16 years (&five generations, based on a 3-year generation time in the native area; Werler and Dixon 2000) , and believed to have originated from escaped or released captive-bred individuals (Cabrera-Pérez et al. 2012) . Kingsnakes predate on a wide variety of animals, including birds, rodents as well as reptiles (Hubbs 2009 ). In Gran Canaria, various canarian endemic reptiles (Gran Canaria giant lizard, Gallotia stehlini, Boettger's wall gecko, Tarentola boettgeri, Gran Canaria skink, Chalcides sexlineatus) are potential prey. These are vital components of the native fauna, not just ecologically, as top-level predators (Barahona et al. 2000; Carranza et al. 2002; López-Jurado 1992; López-Jurado 1998) but also socio-economically, as charismatic species (Barahona et al. 2000) . Introduction of a predator is therefore likely to have a significant negative impact. For example, feral cats, introduced to the Canary Islands around the 15th century, are believed to be the cause of significant declines in endemic lizard populations (Nogales et al. 2006) .
There are two main populations: the first discovered in 2007 in the vicinity of the town of Telde in the east of the island, and the second discovered in 2010 near the town of Gáldar in the north (Fig. 1) . Monitoring suggests that one particular colony (near Telde; Fig. 1 ) may be entering a phase of geographic expansion (Cabrera-Pérez et al. 2012) : increasing in range from 25 km 2 in 2007 to 45 km 2 in 2011. Multiple introduction is believed to be one of the factors that can facilitate species introductions (Dlugosch and Parker 2008; Kolbe et al. 2007 ). Facilitation can occur in two ways-via an increase in propagule pressure (i.e., sheer numbers-the greater the overall number of individuals, the greater the probability that the species introduction will succeed), and via admixture (i.e., hybrid vigour-the mixing of individuals from genetically distinct populations, resulting in novel hybrids that may by chance be better able to survive in the new environment). It is therefore important to confirm whether the two kingsnake populations in Gran Canaria constitute separate introductions and distinct populations.
Our primary aim was to describe the biological and ecological differences between the California Kingsnake populations occurring at these two locations and to test the hypothesis of two independent introductions. We approached this aim with analyses of genetic, morphological, ecological and life history data. Populations that are isolated from each other and that have different origins are expected to manifest genetic and phenotypic differences. Genetic variation in the case of the kingsnakes in Gran Canaria will most likely be caused by separate introductions rather than by selection, given the short time since introduction. Phenotypic differences, which include differences in behaviour and life-history in addition to morphological variation, could however, arise through either genetic or environmental variation. Differences in diet, however, will most likely reflect environmental variation in prey availability. Differences in demographic variables would not only indicate that the snakes at the two locations are functioning as independent populations, but would also suggest that the populations could differ in their potential for expansion, and thus, invasion. The likelihood of variation in invasive potential would be further suggested by variation in fitness indicators such as reproductive output. The conservation implication of independent populations with different potentials for invasion is that these should be considered separate management units that may have different impacts on the environment and priorities for management, and require bespoke control methods.
Materials and methods
The study site
The Canary Islands are a volcanic archipelago of seven islands and four islets, of which Gran Canaria (&156,000 HA), is the most densely populated. The easternmost part of the archipelago is about 100 km from the African continent, and has a typical subtropical climate, varying depending on the altitude and orientation. The flora and fauna, while similar to that of Madeira, the Azores, the Cape Verde Islands, exhibit high endemism (Juan et al. 2000) . There are more than 500 endemic plant species and the endemic vertebrate fauna is dominated by reptiles (amphibians are absent, and endemic mammals are few, many extinct), with notable diversification among the geckos (Tarentola), skinks (Chalcides) and lizards (Gallotia). As with many islands, there are introduced organisms such as rodents and feral cats, with the latter having significant negative impact on endemic fauna (Nogales et al. 2006 ).
The study populations and sampling
Two hundred and seventy-seven individual snakes were sampled between 2009 and 2012 (Table 1) , from the two main populations in Gran Canaria: near the towns of Telde (28°0 0 36 00 N, 15°27 0 36 00 W; n = 198) and Gáldar (28°7 0 48 00 N, 15°40 0 48 00 W; n = 79) (Fig. 1) . To assess the genetic structure of the founding populations, 60 (30 from each population) of the largest specimens were used for genetic analyses. However, temporal sampling was uneven for the locations (Table 1) , with no genetic samples being collected in 2012, and no samples being collected from Gáldar in 2009 (the population was only discovered in 2010). Thus we were unable to test if there was a bias caused by the genetic sampling since this effect could be confounded by the effect of year and location. Because of the uneven sampling effort between years we were also unable to test for potential yearly variations in morphometrics. While sampling effort was uneven, with greater effort around the more populated area of Telde (Table 1) , sampling methods were the same for both locations (for 
Genetic data collection and analysis
Genomic DNA was extracted from tail tip samples (2 cm) preserved in 96 % ethanol using the DNEasy Ò tissue extraction kit (Qiagen, Valencia, CA, USA). We developed 13 microsatellite loci for use with L. californiae (see methods in Supplemental Material and Table S1 ). Two multiplex PCR amplifications were performed in 14 and 11 ll respectively with 40 ng of genomic DNA using the manufacturer protocol provided in the Platinum Ò Multiplex PCR Master Mix kit (Applied Biosystems). Genotyping followed methods in Supplemental Material and used an ABI 3500 automated sequencer with LIZ 500 (Applied Biosystems) as internal fluorescent size standard. Results were analysed using STRand 2.2 (http://www.vgl.ucdavis. edu/informatics/strand.php) (Toonen and Hughes 2001) . Allelic data were screened for genotyping errors using Micro-Checker 2.2.3 (Van Oosterhout et al. 2004 ). Deviations from Hardy-Weinberg equilibrium (HWE), for each study site and locus, as well as genotypic linkage disequilibrium for each pair of loci, were estimated using Genepop 4.2 (Raymond and Rousset 1995) , and significance values adjusted using the FDR (false discovery rate) (Benjamini and Hochberg 1995) .
All subsequent analyses were carried out using both the full dataset and a subset of data excluding full-sib (FS) individuals. To detect related individuals, we performed Monte Carlo simulations using COANCESTRY v. 1.0 (Wang 2007) to calculate correlation coefficients between different estimates and true simulated relatedness values (simulated using observed allele frequencies). One hundred dyads were simulated for each of five relationship categories (parent-offspring, full-sibs, half-sibs, first cousins and unrelated). Based on these simulations, we selected the triadic likelihood estimator, TrioML (Wang 2007) , (Table  S2 ) and discarded all full sib (FS) individuals with TrioML r [ 0.5 (12 and 9 individuals in Telde and Gáldar respectively) to construct a subset data excluding FS individuals. This subset provided a conservative check on whether results had been biased by the inclusion of closely related individuals.
The number of alleles (K), allelic richness (AR) (FSTAT 2.9.3) (Goudet 1995) , private alleles (PA; GenAlEx 6) (Peakall and Smouse 2006; Peakall and Smouse 2012) , observed heterozygosity (H o ) and unbiased expected heterozygosity (H e ) (Genetix 4.0) (Belkhir et al. 2001; Nei 1987) were estimated. Differences in diversity, relatedness and F IS values between locations were assessed in FSTAT using 1,000 permutations. COANCESTRY v. 1.0 was also used to compare differences in relatedness and inbreeding between locations, as well as to look for evidence of sex-biased dispersal. The estimation of the 95 % confidence intervals of TrioML relatedness coefficient was carried out adopting 1000 bootstrapping samples.
We used principal components analysis (PCA) in GenAlEx v. 6.5 (Peakall and Smouse 2006; Peakall and Smouse 2012) to explore the distribution of the genetic data with respect to location. We also used assignment testing in the same software to assign individuals to populations according to their genetic profile (using ''leave one out'' option).
To assess recent population reductions, we performed one-tailed Wilcoxon tests of heterozygosity excess in Bottleneck 1.2 (Cornuet and Luikart 1996) , using 10,000 iterations and a two-phase model of mutation (TPM) with 90 % of the stepwise mutation model (SMM) and 10 % infinite allele model (IAM). We tested for population expansion examining deviations from the mutation-drift equilibrium using the intra-locus k-test and inter-locus g-test (Reich et al. 1999) in KGTESTS (Bilgin 2007) . The significance of the g-value in the KGTSETS was assessed using a table of 0.05 significant level cut offs for a number of loci and sample sizes (Reich et al. 1999) .
The effective population size (N e ) of California Kingsnake in each location was estimated using: NeESTI-MATOR v2 (Do et al. 2014) , that estimates N e using a linkage disequilibrium method, an heterozygote-excess method and a method based on molecular coancestry, and Colony 2.0 (Jones and Wang 2010 ) that estimates the current N e from sibship assignments using a full likelihood method and random mating. Genetic differentiation between locations was calculated using pairwise F ST in FSTAT. Significance was assessed with 1,000 permutations. Furthermore, the unbiased estimator D est (Jost 2008) Telde 1 (1) 6 (6) 6 (6) 7 (7) 1 (1) 2 (2) 100 (0) 68 (0) was determined in SMOGD 1.2.5 (Crawford 2010) using 1000 bootstraps.
Morphological and diet data collection, and analyses used
For captured individuals, we collected data on colour (normal or albino) and pattern (striped, banded or neither completely striped nor banded, hereafter called 'aberrant'), sex, age (estimated by counting annual growth rings-annuli-in the angular bone of the left lower jaw) (PetterRousseaux 1953), snout-to-vent length (SVL), tail length, body mass, fat mass, testicular volume, number of eggs and stomach content. Variation in genetically determined morphological characteristics such as colour and pattern will provide additional support for independent introductions since the relative frequency of these traits would likely reflect those of the original founding populations (Shine et al. 2012 ). Variation in sex and age structure (demographic differences) would suggest the populations are isolated from each other. SVL and body mass are indicators of body size, and when analysed with age, provide indications of growth; fat mass indicates investment in energy storage, while the number of eggs and testicular volume are indicators of reproductive investment. Comparing how body mass changes with SVL and with age may indicate body condition and growth differences between the locations. Tail length has been shown to be positively related to male mating success (Shine et al. 1999) and differs between sexes (King 1989; Shine et al. 1999) . Differences in egg production, testicular volume and tail length between locations may reflect differences in reproductive success. While variation of body morphometrics and reproduction as well as demographic differences could be due to either genetic or environmental variation, these provide evidence that the populations differ in life history components. Finally, differences in reproductive output, together with data on age structure may indicate differences in potential for population expansion.
We then used diet analysis to assess if the two populations have different impacts on the fauna of their respective localities. Prey found in the stomach of dissected snakes were identified and classified as: Gran Canaria giant lizard, Gallotia stehlini, Gran Canaria skink, Chalcides sexlineatus, Boettger's wall gecko, Tarentola boettgeriand rodents. All reptiles were endemic and could be identified to species level but rodents consisted of non-native mice and rats and were not identified to species, since this was not possible based on partial remains and remnants of fur.
All analyses on these data were conducted using R 3.0.2 (R-Development-Core-Team 2013). For all models, model validation tests (homogeneity of variance, normality of residuals, leverage and Cook's distance) were run to identify potential violations of the assumptions, and where relevant, overdispersion was tested by dividing the residual deviance of the model with the residual degrees of freedom.
Body morphometrics
To test if there was a difference in colour or sex ratio between the two locations we applied generalized linear models (GLMs) with binomial distribution and logit link function. The patterns of the snakes were compared between the two locations using Pearson's Chi squared test.
We developed linear models (LMs) to investigate the difference in SVL, body mass and age between locations. We developed separate LMs to look at each possible variable combination. We log transformed both the response variable and the explanatory variable in the models and used location as an interaction term. The best fitting models were selected using Akaike's information criterion (AIC).
Fitness related morphometrics
LMs were used to test if there was a difference in fat mass and testicular volume between snakes in the two locations, and included potentially relevant covariates (i.e. age, day (i.e. seasonal effect), body mass, SVL, sex, and stomach content). For body mass, SVL and age, we also conducted analyses on log-transformed values. In the model selection process, covariates and interactions between covariates were added sequentially to the null model, and comparison was made using AIC.
We investigated if the number of eggs produced by females differed between locations. Since not all females produced eggs, there was a high frequency of zero counts in the data, and when fitting a simple GLM with a Poisson distribution and log link function, we also found that the model was highly overdispersed (u = 12.5). We therefore used a zero inflated negative binomial (ZINB) model (pscl package in R). ZINB can also be called a mixture model, since the zeroes are modelled as coming from two different processes; a binomial process and a Poisson (i.e. count) process. First a binomial GLM is used to model the probability of a observing a false zero, which is equivalent to a snake producing zero eggs because it is not sexually mature, or it has not yet reached its length of maturity or similar. This is different from a mature snake not producing an egg because it is in poor condition or at the wrong time in the season or similar. The latter, the number of eggs produced by snakes that are able to produce eggs, is instead modelled in the ZINB by a Poisson GLM and can also contain zeroes. Apart from location, we tested the effect of other covariates (i.e. age, day, body mass, SVL and fat mass). Given the difference in number of eggs produced by females between locations, but also the higher proportion of albino snakes in Telde, we then tested if there was a difference in egg production between normal and albino snakes and between locations. We used the same model selection process as described earlier, and Chi square tests were used to compare each model with the previous model.
We modelled tail length as a function of SVL, using LM. Both variables were log transformed to account for the increase in variance in tail length with increasing SVL. Sex was added as a covariate to the model, and the interaction between sex and SVL was also investigated. The residuals of the LM was used since it provides a measure of tail length corrected for SVL, and was compared between locations. We also ran a separate analysis looking at the relationship between testicular volume and residual tail length, again using LM. For all models, the same model validation tests were run as for the previous LM's. Snakes that had their tails shortened (''sectioned'') due to predation or injury (14.5 %; 35/242) were excluded from analyses of tail length to avoid potential biases. Data from 2009 (n = 7) was also excluded since tail sectioning was not recorded during that year.
To test if there was a difference in the proportion of snakes with sectioned tails between locations, a binomial GLM with a logit link function was used.
To test if there was a difference in the day of capture of snakes between locations, we ran the analyses (LM) for all age classes (n = 206) and also for a subset of snakes aged seven or above (i.e. mature animals only) (n = 170).
Feeding ecology
To test if there was a difference in stomach content (the proportion of individuals having prey in their stomachs) between locations, we used a GLM with a binomial distribution and logit link function. We also tested if stomach content was related to fat weight using the same type of model. Prey distribution of the snakes was compared between the two locations using Pearson's Chi squared test, using all animals with gastrointestinal content (i.e. any prey in their stomach or intestine; GIC). To test which prey species differed between locations, a separate GLM with a binomial distribution and logit link functions was fitted to each prey species.
Further analyses reported in supplementary material
We looked for spatial differences in fitness related morphometrics and feeding ecology for snakes within the Telde population. Finally, we compared climate variables (temperature and humidity) between locations.
Results
All data are provided in Appendix 1 (Supplementary Material).
Genetic analyses
No evidence for stuttering or allele dropout for any microsatellite was detected by Micro-Checker, and all loci were retained in subsequent analyses (see results in Supplementary Material and Table S3 ). Relatedness was estimated to be 0.302 and 0.271 for Telde and Gáldar, respectively. Diversity indices were similar between the locations, and did not change much after excluding FS (Table 2) . We found no significant differences between populations for diversity indices ( Fig. S1 ).
There was significant population genetic structure between the locations with F st = 0.184 (p \ 0.001) and D est = 0.341 for the full dataset and F st = 0.129 (p \ 0.001) and D est = 0.335 for the subset without FS. Principal component analysis and assignment testing without FS revealed two individuals, one sampled in each population, that were assigned to the other population (Fig.  S2 , Table S4 ). Otherwise, all other samples were assigned to the population they had been sampled in. The two missassigned individuals may reflect true variation within their respective populations, or alternatively, they may have been moved by humans who had kept them as pets. As a precaution, we repeated tests for demographic changes, sex-biased dispersal and estimates of N e with and without these two individuals.
Overall, there was weak evidence for population contraction or expansion, or sex-biased dispersal (see results in Supplementary Material and Table S5) . N e estimates varied between different methods of estimation as well as between different subsets of data, but common trends were that the N e estimated were extremely low for both populations (\50) and for Gáldar samples, values were usually higher than that for Telde samples (Table 3) .
Morphometric analyses
There was a significant difference in colour between locations (Z = 4.80, df = 1, p \ 0.0001) with a higher proportion of albino snakes in Telde (62.9 %) compared to Gáldar (1.3 %) ( Fig. 2 ; Model 1 in Table S6 ), but no difference with respect to sex (Model 2 in Table S6 ). There was also a difference in pattern between the two locations (v 2 = 13.1018, df = 2, p \ 0.001) with 60.8 % of snakes in Gáldar being striped, while 20.2 % were aberrant and 19.0 % banded, whereas in Telde, 80.7 % were striped, 12.2 % aberrant and 7.1 % banded (Fig. 2) . There was no significant difference in the sex ratio between the two locations (Z = 1.41, df = 1, p = 0.160). The proportions of females were 34.2 and 43.5 % in Gáldar and Telde, respectively. None of the models showed any sign of overdispersion.
SVL, body mass and age differed significantly between the two locations (F 1,268 = 70.59, p \ 0.0001; F 1,267 = 47.05, p \ 0.0001; F 1,240 = 23.03, p \ 0.0001; respectively), with snakes in Gáldar being longer, heavier and older (Fig. 3 , Models 1, 5 and 8 in Table 4 ). In addition, females in both locations were on average 1.36 years older (F 1,240 = 11.00, p = 0.001) (Model 8 in Table 4 ), and 46 grams heavier than males (F 1,267 = 7.16, p = 0.008) (Model 5 in Table 4 ) in both locations. Looking at the density histograms of the ages of snakes in the two locations (Fig. 4) , there was a relatively higher representation of snakes aged 10 or above in Gáldar, compared to Telde, where relatively few snakes were older than 10 years. However, the Gáldar sample-set seemed to have fewer age classes below 5 years compared to that of Telde (Fig. 4) . We found a linear effect of SVL on body mass on the log-log scale (F 1,267 = 3281.8, p \ 0.0001) (Model 11  Table 4 ), resulting in a curvilinear relationship between SVL and mass when back-transforming the values (Fig. 5a) . Location also had a significant effect on mass (F 1,267 = 20.2, p \ 0.0001), resulting in a higher mass at Telde at any given SVL (Fig. 5a ). SVL and location explained 91.9 and 0.6 % of the variance (R 2 ) in mass of snakes, respectively. The analysis shows that snakes in Telde have a higher mass to length ratio than in Gáldar, although snakes in Gáldar are longer and heavier overall.
There was also a linear effect of age on SVL on the loglog scale (F 1,238 = 1281.4, p \ 0.0001) (Model 26 (Fig. 5b) . Location also had a significant effect on SVL (F 1,238 = 82.3, p \ 0.0001), with snakes in Gáldar being longer than in Telde at any given age (Fig. 5b) . The interaction term between location and age was also significant (F 1,238 = 7.5, p = 0.007), with the Table 4 Results of the linear model selection for snake morphometric variables. SVL = snout-to-vent length, Loc = location, AIC = Akaike's information criterion (AIC). The best fitting models are indicated with an asterisk increase in SVL with age (the slope parameter) being higher for snakes in Gáldar compared to Telde on the log scale (Fig. 5b) . Finally, sex had a significant effect on SVL (F 1,238 = 18.9, p \ 0.0001), with males of a given age being longer on average than females in both locations (Fig. 5b) . The model (Model 26 Table 4 ) explained 85.4 % (R 2 ) of the variance in SVL of snakes, with age explaining 78.7 %, location 5.1 %, sex 1.2 % and the interaction term 0.5 %.
Finally, there was a linear effect of age on mass on the log-log scale (F 1,238 = 1013.3, p \ 0.0001) (Model 36  Table 4 ), resulting in a slightly curvilinear relationship between mass and age when back-transforming the values (Fig. 5c) . Location also had a significant effect on mass (F 1,238 = 32.2, p \ 0.0001), with snakes in Gáldar being heavier than in Telde at any given age (Fig. 5c) . The interaction term between location and age was also significant (F 1,238 = 4.5, p = 0.035), with the increase in mass with age (the slope parameter) being higher for snakes in Gáldar compared to Telde on the log scale (Fig. 5c) . There was also a difference of mass between sexes (F 1,238 = 12.8, p \ 0.001), with males of a given age being heavier on average than females in both locations (Fig. 5c) . The model (Model 36 Table 4) explained 81.7 % (R 2 ) of the variance in body mass of snakes, with age explaining 77.9 %, location 2.5 %, sex 1.0 % and the interaction term 0.3 %. For all three models, the model validation test showed no violation of the assumptions of the LMs.
In summary, although snakes in Telde were heavier at any given length (Fig. 5a) , both male and female snakes in Gáldar were longer and heavier than males and females in Telde for any given age (Fig. 5b, c) .
Fitness related morphometrics
The binomial model of the ZINB represents the process of egg production (if an animal produces eggs or not). The binomial model of the ZINB showed that SVL had a significant effect on the probability of snakes to produce eggs (Z-test, Z = -4.85, p \ 0.0001) (model 10 in Table 5 ).
Although age, body mass and fat mass also had significant effects on the probability of producing eggs, they were not as good predictors as SVL, and were hence dropped from the model to avoid collinearity. The effect of SVL on egg production probability differed between locations (i.e. the interaction term) (Z-test, Z = -2.66, p = 0.008), with snakes in Gáldar being somewhat more likely to produce eggs with increasing SVL than snakes in Telde (model 10 in Table 5 ).
The Poisson model was used to examine whether the number of eggs produced by females differed between locations. SVL was strongly related to age (Fig. 5d) , and snakes need to reach a certain age (SVL) to become sexually mature. However, in this regard, SVL was again found to be a stronger determinant of egg production than age. SVL was the best predictor in the model selection process (Z-test, Z = 7.22, p \ 0.0001) (model 10 in Table 5 ), with increasing SVL leading to an increase in number of eggs produced at a rate of 0.02 eggs cm -1 (SE = 0.0027) SVL on the log scale. There was also a difference in the number of eggs produced between locations (Z-test, Z = 2.82, p = 0.005), with snakes in Telde producing 0.26 more eggs (SE = 0.090) on the log scale in average than in Gáldar. The effect of SVL on the number of eggs produced did not differ between locations (i.e. the interaction term) (model 12 in Table 5 ). Putting the results of the binomial and Poisson models together, snakes in Telde produced a higher number of eggs on average than Gáldar (Fig. 5d) . Thus, SVL of female snakes had a positive effect on both the probability of producing an egg, and the number of eggs produced (Fig. 5d ) (model 10 in Table 5 ).
As a further test, we looked for differences in egg production between normal and albino snakes between locations (model 13 in Table 5 ); however, our sample included no female albino snakes from Gáldar, making the comparison between color morphs only possible for Telde snakes. The Telde data showed that there was also a difference in the probability of producing eggs between normal and albino snakes (Z-test, Z = 2.78, p = 0.005), with albino snakes being more likely to produce eggs for any given length Fig. 4 Age distribution of snakes in Gáldar (n = 75) and Telde (n = 168) compared to normal snakes. However, on average, normal snakes in Telde produced 0.23 more eggs (SE = 0.083) on the log scale than albino snakes (Z-test, Z = -2.83, p = 0.005). However, despite the relatively lower egg production of albino snakes in Telde, they still produced more eggs than normal snakes in Gáldar (Fig. 5e) .
For testicular volume and fat mass, observed differences between locations could all be explained by the difference eggs produced as a function of SVL (Gáldar, n = 27; Telde, n = 83) e Number of eggs produced as a function of SVL for normal (solid lines, filled circles, n = 58) and albino (dashed lines, crosses, n = 52) snakes (Gáldar, n = 27; Telde, n = 160) N.B. there were no female albino snakes producing eggs in Gáldar f Tail length as a function of SVL (Gáldar, n = 68; Telde, n = 160; solid lines = males, dashed lines = females) Conserv Genet (2015) 16:1225-1241 1235 in body mass between locations (see results in Supplementary Material, Table S7 , Figs. S3-S4 ). There was seasonal variation for both variables (Figs. S3-S4 ). The dispersion parameters (u) were 0.78 and 0.79, respectively, which indicated no overdispersion of the binomial GLM. There was also a difference in tail lengths between locations and sexes (Fig. 5f ). For tail length, the best variables to describe variation were SVL, location and sex (model 9 in Table 6 ). Log tail length showed a strong positive relationship log SVL (F 1,223 = 1869.8, p \ 0.0001), with both the intercept (F 1,223 = 4.3, p = 0.039) and the slope parameter (F 1,223 = 9.9, p = 0.002) being significantly different between locations (Fig. 5f ). There was also a difference in tail lengths between sexes (F 1,223 = 93.8, p \ 0.0001), with females having relatively shorter tail lengths at a given SVL than males (Fig. 5f) . SVL, location, sex and the interaction term explained 85.0, 0.2, 4.3 and 0.5 % of the variance (R 2 ) in log tail length, respectively. The proportion of snakes with shortened tails did not differ between locations (Z = -0.30, df = 1, p = 0.762) or between sexes (Z = 1.17, df = 1, p = 0.243). Looking at the effect of body length (SVL) on tail breakage however, we found a significant increase in the proportion of snakes with shortened tails as SVL increased (Binomial GLM: Z = 2.30, df = 1, p = 0.021, u = 1.06).
There was no difference in the day of capture of snakes between locations both when considering all age classes (F 1,273 = 1.62, p = 0.204) and snakes aged seven or above (F 1,168 = 0.48, p = 0.492). Hence there was no temporal sampling bias that could have affected the results of the other fitness related analyses.
All models fulfilled the assumptions of the respective model.
Feeding ecology
We found no difference in the proportion of individuals having prey in their stomachs (39.4 and 34.8 % for Gáldar and Telde, respectively) between the two locations (Z = -0.66, df = 1, p = 0.512), and no effect of fat mass on stomach content (Z = 1.09, df = 1, p = 0.277). The results were robust both when running the full data set, and when considering only individuals for GIC analysis, as well as when running separate analysis of the two locations for fat mass and stomach content. However, there was a difference in prey distribution between locations (v 2 = 11.81, df = 3, p = 0.008). Skinks were more common in the stomachs of snakes in Telde (11.5 %) compared to Gáldar (1.3 %) (Z = 2.25, df = 1, p = 0.025), while the proportion of stomachs containing rodents were higher in Gáldar (13.9 %) than in Telde (4.7 %) (Z = -2.51, df = 1, p = 0.012) (Fig. 2) . There was no statistical difference in the proportion of stomachs containing lizards in Gáldar (17.7 %) and Telde (22.0 %) (Z = 0.79, df = 1, p = 0.432) or the proportion of stomachs containing geckos between Gáldar (2.5 %) and Telde (0.5 %) Table 5 Results of the zero inflated negative binomial model selection for snake egg production (Egg.prod). LL = log likelihood, SVL = snout-to-vent length, Loc = location, Col = colour, AIC = Akaike's information criterion (AIC). The best fitting model among those comparing location and SVL (excluding colour) is indicated with an asterisk. Note the model including colour (model 13) is the best-fitting overall (Z = -1.30, df = 1, p = 0.195). None of the models showed any sign of overdispersion.
Discussion
The California Kingsnake populations occurring at the two locations were clearly different in many aspects of their biology and ecology. One possible explanation for the genetic difference observed between the two populations is that each was independently introduced on the island. An alternative explanation is that these were derived from the same founding population (or one was derived from the other), but that subsequent bottlenecks followed by expansion have resulted in differentiation through drift. However, there were no strong genetic signals of population bottlenecks or expansion. Lack of a genetic signature of demographic changes has also been observed for other recently established invasive reptiles, where rapid recovery from bottlenecks have been attributed to life history characteristics such as high growth rate and generation overlap, and low predation and competition pressure (Detwiler and Criscione 2014) . Nevertheless, since genetic diversity was high relative to other snake populations (Table 7) , and there has only been a short time since introduction, the first explanation seems more plausible. Unfortunately, we lacked samples from native populations for comparison. However, identifying specific source populations for each of the introduced populations may be difficult given that the snakes originated from escaped or released pets. The genetic data yielded relatively high inbreeding coefficients and degrees of relatedness, which may indicate a small number of founders. As pets, the founders were likely captive-bred individuals with admixed ancestry or individuals from different source populations. Indeed, the relatively high genetic diversities compared with other examples of snake populations (Table 7) may be due to founders originating from mixed source populations (Kolbe et al. 2007 ), as has been suggested for the Boa Constrictors introduced to Cozumel Island in Mexico (Vazquez-Dominguez et al. 2012) . Given the possibility of mixed sources and/or admixed ancestry, a comprehensive analysis of the native origins of the Gran Canaria snakes would require samples from throughout the native range of the species, which was beyond the scope of this study. Even without such an analysis, it still remains clear that the two populations were genetically distinct. Different founding groups would be consistent with this observation, particularly when there has been little time for differentiation by drift. That there were clear morphological differences between the populations was also consistent with different founding groups for the two locations. Most striking was the relatively high frequency of albino snakes in Telde (more than half of the sample) compared with Gáldar (a little over 1 % of the sample) (Fig. 2) . To assess if albinism conferred significant advantages/disadvantages, we checked for fitness differences between the colour morphs within Telde. However, albino snakes produced significantly fewer eggs (Fig. 5e) , while other factors were either not significantly different or only marginally so (results not shown). Thus, we do not suggest that the high frequency of albino snakes in Telde was due to selection, given little time for selection to act and a lack of fitness advantage. Rather, it is more likely historical contingency that the albino morph was in relatively higher frequency in the Telde founding population than in the Gáldar founding population.
The populations also differed in other morphological characteristics. We found that Gáldar snakes were on average older, and had greater mass and length. The significant interactions between mass and length (i.e. for any given length, Telde snakes were heavier), and between size and age (i.e. for any given age, Gáldar snakes were longer and heavier) further demonstrated clear morphological and Table 6 Results of the linear model selection for snake tail length (TL). SVL = snout-to-vent length, Loc = location, AIC = Akaike's information criterion (AIC). The best fitting models are indicated with an asterisk growth differences. There were also sex differences in mass and length, but the differences were the same for both locations: while females were on average heavier and older than males, males were on average, longer than females for any given age. Also, while there was a difference in tail lengths between locations and sexes, in both locations, female tails were shorter than those of males (Fig. 5f ). These sex differences are typical of sexual dimorphism found in snakes (Bonnet et al. 1998 ). Age structure, however, varied between the two populations. Snakes younger than three years have been caught in Telde, but not in Gáldar (Fig. 4) . Given the presence of larger and older snakes in the Gáldar population, which ought to be reproductively active, one would expect to find juveniles of at least two years of age, as were found in Telde (Fig. 4) . That the estimated N e and genetic diversities of the Gáldar population was larger than that for Telde (Tables 2, 3) , and although inbred, it was not genetically depauperate compared with other snake populations ( Table 7 ), suggested that the population was not suffering from relatively low genetic variation. Perhaps Gáldar snake offspring were for some local reason not surviving the early stages of life-either as eggs, hatchlings, or young juveniles. Also, four times more snakes between 2011 and 2014 had been captured at Telde than Gáldar as part of the monitoring programme (R. Gallo personal communication)-which indicate a much larger population size for the former, contrary to the N e estimation (although higher capture rate may also be due to the greater human habitation of Telde). A smaller population size for Gáldar could also mean that juveniles were harder to detect.
In contrast, there were relatively fewer older snakes in Telde (Fig. 4) . Damaged tails could be indicative of predation (Pleguezuelos et al. 2010) . While longer snakes were indeed more prone to tail breakage, it is difficult to attribute this to differential predation because there was no difference in the number of individuals with excised tails between the locations. However, since we do not have samples of larger snakes in Telde, we may not be able to detect predation from observations of excised tails. There may also be an anthropogenic effect. Humans have been capturing snakes at Telde since 2009 whereas the eradication effort only started in Gáldar in 2011-so perhaps larger snakes were more easily found, and they have been removed from the population.
Telde snakes were nonetheless surviving long enough to reproduce, and on average, they produced relatively more eggs for any given length, and they had higher reproduction at an earlier age (smaller size) (Fig. 5d, e) . Thus, despite not surviving until as old as Gáldar snakes, the Telde population was nevertheless recruiting, as evident from the young, immature snakes that were being caught from that location (Fig. 4) . To sum up, the Gáldar snakes seemed to be investing in growth in size (i.e., larger for any given age), whereas Telde snakes were investing more in body condition (i.e., heavier for any given length) and reproduction, with juveniles being successfully recruited into the population. This may suggest the latter population is more likely to expand its range, consistent with the observation that the area in which snakes were being caught near Telde had increased in size between (CabreraPérez et al. 2012 . Analysis of the feeding ecology of the California Kingsnakes in Gran Canaria confirmed predation of endemic fauna. Indeed, the remains of Gran Canaria giant lizard, Gallotia stehlini, Gran Canaria skink, Chalcides sexlineatus, Boettger's wall gecko, Tarentola boettgeri were all found in the stomach contents of snakes, in addition to rodent remains (which could not be diagnosed to species). However, the diet of snakes varied between the two locations (Fig. 2) . The main diet differences were that skinks were found in a higher proportion in the stomachs of snakes in Telde, whereas rodents made up a higher proportion in the stomachs of snakes in Gáldar. Telde thus appears to offer a better habitat for reptiles. The area is characterized by cliffs which present complex ecosystems with structure offering pockets of spaces with higher humidity than the ambient for refuge. Agriculture in the area means that reptiles benefit from the humidity provided by irrigation and man-made walls to take refuge in. In contrast, Gáldar is a mountain area with a more open, less structured habitat, poorer vegetation, and a chicken farm as the only anthropogenic feature-the latter might explain the higher proportion of rodents in the snakes' diets. However, there was no significant difference in the proportion of individuals having prey in their stomachs for snakes in either location, so Gáldar snakes compensate for less reptile prey with increased rodent prey. Also, California Kingsnakes can ingest prey snakes that equal or exceed their own length (Jackson et al. 2004 ). Though we did not find any remains of snakes in the stomach contents, we found two snakes in Gáldar with lampropeltis eggshells in their intestines. While this is circumstantial and requires further evidence-one possible reason for the relative lack of juveniles in Gáldar could be cannibalism.
Conclusions, management considerations and future work
We showed clear genetic, morphological, ecological and life history differences between the two non-native California Kingsnake populations in Gran Canaria. These differences were consistent with two separate founding groups that have remained isolated, in combination with local environmental heterogeneity between locations. The genetic data indicated that only a few individuals were released at each location. We speculate that the snakes may have originated from a mixed source population or had admixed ancestry, but testing this hypothesis remains for future work since comprehensive coverage of the native range was beyond the scope of this study. Of the two populations, the snakes at Telde were investing more in reproduction, with juveniles being recruited. The habitat there also seemed to be more suitable for reptiles. We therefore suggest that efforts to eradicate the population at Telde should be continued or even increased, since this population appear more likely to succeed with range expansion. We also confirm that while snakes at both locations were predating on the native fauna, those at Telde had endemic reptiles making up a greater proportion of their prey, whereas those at Gáldar relied on a relatively greater proportion of rodents (which are not native). Nevertheless, the Gran Canaria giant lizard made up the largest proportion of prey for either location. Although the lizard can locally be found in high densities, and considered ''least concern'' for conservation (The IUCN Red List of Threatened Species. Version 2014.2. www.iucnredlist.org. Downloaded on 15 August 2014), given that snakes introduced to other islands have had devastating impacts on native fauna (Fritts and Rodda 1998; Guicking et al. 2006; Martinez-Morales and Cuaron 1999) , the conservation status of the Gran Canaria giant lizard could change in the near future. Hence, we suggest regular census of the endemic reptiles in both locations to monitor the impact of predation.
